Introduction
Azobenzene-containing polymers have been widely investigated for optical applications [1, 2] . Especially, regarding nonlinear optics (NLO) using azo polymers, many papers or reviews have been already published.
In recent years, the investigations for reversible optical storage using a polarized laser have been reported. This storage material takes advantage of anisotropy caused by trans-cis-trans photo-isomerization of azobenzene. The anisotropy is induced by irradiating with a linearly polarized laser beam onto the polymer film. Azobenzene molecules, which are parallel to the laser polarization direction, are isomerized by the laser, and while repeating photoisomerization, finally they orient and are inert to the direction perpendicular to the laser polarization. This anisotropy can be observed as either dichroism or birefringence and is stable below the glass transition temperature (Tg). The photoinduced anisotropy can be erased by irradiating with a circularly polarized laser or heating above Tg.
It was reported that surface relief gratings could be inscribed on azo polymers by irradiating with an interference pattern of a circularly polarized laser beam [3, 4] .
Although the mechanism of surface relief gratings hasn't been clarified yet, it seems that photoisomerization of azobenzene is involved for the grating formation.
The gratings occur easily in the glassy state of the amorphous azo polymers, and the grating is stable below Tg.
The gratings can be erased either with a polarized laser or by heating above Tg. Various factors have been already reported regarding the grating formation [5, 6] . Also, gratings can be produced in the bulk by photo bleaching [7] or involving liquid crystalline phase [8] .
For NLO polymers, the stability of the poled alignment as well as the optical properties is one of important elements. It has been reported that high glass transition temperature (Tg) or crosslinking improve the thermal stability. Even for surface relief gratings, when they are used for photonics devices [2, 6] , their stability must be required.
In the present report, a photo-crosslinkable amorphous polymer, which contains azobenzene and acrylic groups in the separate side chain, was prepared. And both gratings on the surface and poled alignments in the bulk were produced by irradiating with a circularly polarized laser beam and applying an external electric field, respectively.
The effect of photo-crosslinking on both properties was investigated. A copolymer of 4'-[(2-(methacryloyloxy)ethyl) ethylamino]-4-nitroazobenzene (DR1M) with 2-methacryloyloxy-phenol was prepared in toluene by free-radical copolymerization, and then, the copolymer was esterified with acryloyl chloride in tetrahydrofuran (THF) to attach crosslinkable acrylic groups into the copolymer. A final polymer structure is shown in Scheme 1.
The glass transition temperature of the polymer was measured on a Parkin-Elmer DSC 6. The molecular weight was estimated by gel permeation chromatography (GPC). The electronic spectrum of the polymer film was recorded with a Shimazu TR-280 UV-visible spectrometer.
The polymer solution was prepared with THF. In order to perform photocrosslinking, 2-methyl-4' -(methylthio)-2-morpholino propiophenone was added into the solution as a photoinitiator. The sample was spin-coated onto a glass substrate and dried in vacuum. The film thickness was 400 nm.
2.2.
Surface relief grating inscription and photo-crosslinking The gratings were optically inscribed onto the film with irradiation of an interference pattern of a circularly polarized laser beam. 488 nm beam from an argon ion laser was used as a writing beam. The intensity was 140 mW/cm2 which is low enough to avoid the photo bleaching by the laser. The progression and stability of the grating was monitored by measuring the first-order diffracted beam.
The diffraction efficiency was calculated by dividing the intensity of the first diffracted order by the one of the incident beam.
After the gratings were inscribed, 20 mW/cm2 of high-pressure mercury lamp was irradiated at 80 °C for 15 minutes .
Poled alignment and photocrosslinking
After inscribing gratings, the film was poled by applying a corona voltage of 4.8 kV at 1 cm of the film.
While the electric field was maintained, the film was kept at 80 °C.
During poling, 20 mW/cm2 of the UV lamp was irradiated for 15 minutes.
Then, the UV lamp was turned off, and the film was heated to 130 °C during poling. After poling at 130 °C for 5 minutes, the film was cooled down slowly to room temperature and then, the voltage was removed.
Second harmonic generation (SHG) signal measurement
In order to confirm the alignment of azobenzene by poling, a Nd: YAG laser at 1060 nm was used as a fundamental wave, and the SHG (530 nm) signal was detected. 3.2. Surface relief gratings and their stability [9] Surface relief gratings with a regular pattern as shown in Figure 1 were inscribed on the film by irradiating with the writing beam for 40 minutes. Then, the diffraction efficiency reached to 22 % finally. The depth and spacing period of the grating profile were 350 nm and 1,100 nm respectively from atomic force microscopy (AFM) measurement.
When the UV light was irradiated onto the film at 80 °C after grating inscription, photo-polymerization of the acrylic groups in the polymer occurred.
The conversion of the acrylic groups was estimated to be 50 % after irradiating for 15 minutes by FT-IR measurement.
Then, photocrosslink network was performed in the polymer, and the film becomes insoluble in any solvents.
The Tg after photocrosslinking was 152 °C . The surface profile was maintained although the depth and the diffraction efficiency decreased Scheme 1. Copolymer structure (m=0.51, n=0.49) slightly. These decreases were supported to come from the photo-degradation of the azo chromophores and/or the volume shrinkage during photocrosslinking.
In order to measure the thermal stability of the diffraction efficiency, the films were heated at the temperature close to each Tg. Figure 2 shows the diffraction efficiency change as a function of heating time. The film before photocrosslinking was heated at 120 °C, and the film after crosslinking was heated at 150 °C. To compare the diffraction efficiency between two polymers before and after photocrosslinking, it was normalized, and the initial value before heating was defined as 100%. For the sample before crosslinking, the efficiency decreased rapidly as soon as the sample was heated. And then, it reached a plateau around 38 %. AFM measurement showed that the grating with depth of 204 nm still existed. The sample after heating didn't dissolve completely into any solvent which means crosslinking was performed thermally. The efficiency observed after heating may be because of an increase in the Tg by thermally crosslinking and/or of density gratings appeared in the bulk as proposed previously [10] .
On the other hand, for the sample after photo-crosslinking, the stability of the efficiency improved significantly, and the efficiency was stable at 120 °C which is close to the Tg of the sample before crosslinking. This is because of an increase in the Tg by photocrosslinking.
At 150 ° C near the Tg of the crosslinked sample , it was relatively stable, and 90 % of the initial efficiency was still observed even after 90 minutes.
Then, the depth was 292 nm. Even after heating at 210 °C which is much higher than the Tg , a certain of the efficiency and the depth were still observed.
Thus, surface gratings inscribed on the film could be fixed by photocrosslinking.
Poled alignment and its stability
After the surface gratings were inscribed on the film, an external electric field was applied at 80 °C which is lower than the Tg to maintain the grating shape. In order to fix the poled alignment of the azo chromophores, then UV irradiation was carried out at the same time. After photocrosslinking, the temperature was increased and maintained at 130 °C during poling . To prepare the poled film without crosslinking, the poling was carried out under the same condition without irradiating the UV lamp, but then, thermally crosslinking had been performed at 80 °C even if the photoinitiator wasn't added.
Therefore, polyDRiM film without any crosslinkable groups was used as a sample to investigate the effect of crosslinking on the stability of the poled alignment. After grating inscription under the same condition, the polyDRiM film was poled at 110 °C which is lower than the Tg (=134 °C [11] ) for 30 minutes.
After the poling was carried out, the SHG signal was measured. The signal which shows the second-order nonlinearity was observed for both samples and its initial value was almost same between them. The poled films were heated at the temperature which is -20 °C lower than each Tg immediately after poling, and the thermal stability of the SHG signal was monitored as shown in Figure 3 . The signal was normalized by defining the initial signal before heating as 100 %. However, for the sample photo-crosslinked with UV irradiation, the stability was better than that of polyDR1M which doesn't have crosslinking.
Besides, the SHG signal for the crosslinked polymer was more stable at the temperature that was done for polyDR1M.
After heating at Tg-20 °C for 60 minutes, the depth of the gratings for both samples was measured.
For the crosslinked polymer, the depth was same between before and after heating as expected from the previous results while it decreased by 68 % of the initial value before heating for polyDR1M. Thus, photocrosslinking, which was carried out during poling after grating inscription, improved significantly the thermal stability of the poled alignment while maintaining the grating shape.
Conclusions
The photocrosslinkable azobenzene-containing polymer was prepared, and two characteristics, surface relief gratings and poled alignment, which are attractive for optical applications, were constructed on the surface and in the bulk, respectively, by taking advantage of the azo chromophores in the polymer. Photocrosslinking of the acrylic groups in the polymers fixed both gratings and alignment.
As a result, their thermal stability improved, and especially, the gratings were stable even if the film with gratings were heated above the Tg.
Thus thin azo films with stable gratings and alignment are expected to apply more widely for photofabrication of optical devices in azo polymers. At present, we are investigating the construction of the optical devices using the azo polymer with both stable gratings and poled alignment to create new optical applications and will report about it in the future.
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